INTRODUCTION
As an important index of meat quality, the intramuscular fat (IMF) content of meat has attracted widespread attention (Zhao et al., 2007) . It influences sensory characteristics, including juiciness, as determined by taste panelists (Wood et al., 2008) , and flavor (Schwab et al., 2006) . It has been an important indicator in improving meat quality in Beijing-You chickens (Li et al., 2013) .
Many factors affect the meat quality of chicken, such as breed (Sarsenbek et al., 2013) , feed conditions (Sales, 2014) , nutrition (Morrissey et al., 2014) , sex (Lopez et al., 2011) , and environment (de Verdal et al., 2013) . Sales (2014) found that the feeding conditions of free-range and organic poultry production systems could improve chicken meat quality. We also detected that feed conditions significantly influenced the IMF content and the level of mitochondrial uncoupling protein 3 (UCP3) mRNA in chicken breast muscles (Zhang et al., 2014) .
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Adenosine monophosphate (AMP)-activated protein kinase and peroxisome proliferator-activated receptor pathways (Joubert et al., 2011) , which play important roles in regulating energy expenditure, BW, and thermoregulation.
In this study, we have investigated differentially expressed genes in chicken breast muscle of Daninghe (DNH) and Qingjiaoma (QJM) chickens under captivity-feed and scatter-feed conditions. We identified UCP3 as an important meat quality candidate gene that is differentially expressed under different feeding conditions but not between breeds. Furthermore, we investigated the DNA methylation status and mRNA levels of UCP3 in DNH and QJM chicken breast muscles under the 2 feed conditions.
MATERIALS AND METHODS

Ethics Statement
All animal experiments were approved and reviewed by the Laboratory Animal Management Committee of Chongqing Academy of Animal Sciences and the Ministry of Science and Technology of the People's Republic of China (approval number 2006-398) . To minimize the suffering of animals, sodium pentobarbital anesthesia was used before the collection of chicken breast samples.
Animal Feeding and Management
Five-month-old DNH and QJM chickens bred at the breeding base in Wulong County, Chongqing, China, were used as experimental animals in this study. All chickens received the same basal diet and water (Table 1; Zhang et al., 2014) according to NRC (1994) standards without antibiotics, growth promoters, hormones, or animal products (NRC, 1994) . Two feeding conditions were used in this study: scatter-feed and captivity-feed conditions. Chickens under scatter-feed conditions had the ability to move and feed freely in outdoor areas (500 m 2 ) with water bowls and feeders (1/25 m 2 ). The chicken densities varied from 1.00 to 1.89 m 2 /bird. Chickens under captivity-feed conditions were fed in house in single iron cages (male: 195 × 45 × 47 cm; female: 175 × 38 × 41 cm) according to fowlfeeding standards. The proportion of males to females was 1:8. The densities of chickens varied from 0.06 to 0.27 m 2 /bird. The population was separated into 4 groups, each with 300 to 500 chickens: DNH chickens under scatter-feed conditions (SFDNH), QJM chickens under scatter-feed conditions (SFQJM), DNH chickens under captivity-feed conditions (CFDNH), and QJM chickens under captivity-feed conditions (CFQJM). For certain studies, 20 healthy chickens, 5 from each group, were randomly selected.
RNA Extraction
The left breast muscles from 5 randomly selected chickens of each group (20 chickens in total) were collected and immediately frozen in liquid nitrogen and then stored at −80°C for later use. Total RNA was extracted using the Tirol total RNA extraction kit (Bioer Technology, Hangzhou, China; Rio et al., 2010) . The quality of the total RNA was assessed using a NanoDrop ND-1000 (Nanodrop Technologies, Wilmington, DE) and by 1% agarose gel electrophoresis. Total RNA (10 μg) was used for Illumina HiSeq sequencing.
RNA-Sequencing
For each group, the 5 total RNA samples (2 μg each) were used to create a total RNA (10 μg) pool. The mRNA of each group was purified using oligo (dT) magnetic beads and was then cleaved into fragments (approximately 155 bp). These fragments were used to construct cDNA libraries as described previously . Four cDNA libraries, SFDNH, SFQJM, CFDNH, and CFQJM, were constructed and were then sequenced using the Illumina Hiseq platform (Shanghai Personal Biotechnology Co., Ltd., Shanghai, China).
After removing the adaptors, sequences with uncertain bases, low-quality sequences, and sequences (Trapnell et al., 2009 ).
Genomic Annotation and Analysis of Gene Expression Levels
To annotate the sequenced reads, we performed homology searches against the Ensembl website (http:// www.ensembl.org/) and the website of the evolutionary genealogy of genes: Non-supervised Orthologous Groups (eggNOG; Powell et al., 2012; Tatusov et al., 2003 ; http://www.ncbi.nlm.nih.gov/COG/, http://eggnog.embl.de/version_3.0/). The Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/ kegg/) predicted the metabolic pathways of the reads, and then gene ontology using the Gene Ontology (GO) website (http://www.geneontology.org/) was predicted.
The abundances of reads were normalized using reads per kilobase of exon model per million mapped reads (Mortazavi et al., 2008) . We analyzed the number of reads that mapped to the chicken genome (ftp:// ftp.ensembl.org/pub/release-73/genbank/gallus_gal-lus/) using HTSeq software (http://www-huber.embl. de/users/anders/HTSeq/doc/overview.html), and then a 2-fold differential and a P-value less than 0.05 were used as criteria to identify the differentially expressed genes (DEG) in any pairwise comparison among the 4 groups of chickens using DESeq software (http:// www-huber.embl.de/users/anders/DESeq/).
Confirmation of Differential Gene Expression Levels by Quantitative Real-Time PCR
The mRNA levels of randomly selected expressed genes were determined by quantitative real-time PCR (qRT-PCR) to confirm the RNA-seq results. Total RNA were isolated from the same samples used to generate the RNA pools for the SFDNH, CFDNH, SFQJM, and CFQJM groups. Reverse transcription was performed following the instructions of the Promega Go Script Kit (Promega, Beijing, China). The chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was selected as the internal control gene. The 10-μL qRT-PCR reaction mixtures included 5 μL SYBR Premix Ex TaqTM II (2×), 0.4 μL forward primer (10 μmol/L), 0.4 μL reverse primer (10 μmol/L), 0.2 μL ROX Reference Dye II (50×), 1 μL cDNA 1 μg/μL, and water to 10 μL. The PCR for each gene was performed in triplicate using an Applied Biosystems 7900 HT Sequence Detection System (Applied Biosystems, Foster City, CA) with the following program: 1 cycle at 95°C for 30 s and 40 cycles at 95°C for 30 s, then 50°C-60°C for 60 s. The primers were synthesized by Invitrogen (Invitrogen, Shanghai, China; Table 2 ). The abundance of each mRNA relative to GAPDH was calculated by the 2 -Δ Ct method, where ΔCt = C T,GENE − C T,GAPDH (Livak and Schmittgen, 2001 ). R: 5′-GCCCTGTTCTCACAGCTACGT-3′
R: 5′-GGCTGGGATAATGTTCTGG-3′
DNA Extraction and Bisulfate Modification
Genomic DNA from the same 20 chicken breasts samples used to generate the RNA pools or for qRT-PCR was extracted from muscle tissue using the DNeasy Blood and Tissue Kit (catalog number 69506, Qiagen, Hilden, Germany) according to the manufacturer's protocol, and then DNA was treated with the EpiTect Plus Bisulfite Kit (catalog number 59124, Qiagen) following the manufacturer's instructions. The quality of genomic DNA was assessed on a NanoVue spectrophotometer (GE Life Sciences, Piscataway, NJ). The bisulfite modification of DNA causes all unmethylated cytosines to be deaminated and sulfonated, converting them to thymines, whereas methylated cytosines remain unaltered in the bisulfite reaction (Lorente et al., 2008) . The same 5 chickens from each group that had their UCP3 gene sequenced were used.
Bisulfite Sequencing PCR
The sequence of UCP3 (GenBank accession number NC_006088.3) was used to design bisulfite sequencing PCR primers using Methyl Primer Express Software version 1. 0 (Applied Biosystems). The UCP3 primer F: 5′-GGTGGTATTGGGGTATTTAGAG-3′ and R: 5′-TCCATTCTCCTCACAAAACTAC-3′ encompassed 760 bp (bp +1,700 to +2,459) containing exons 3 to 5 and 3 CpG islands. CpG islands were predicted using Methprimer (http://www.urogene.org/methprimer/).
The PCR mixture was composed of PCR Mixture 2× Mix (15 μL), forward primer (10 μM, 0.5 μL), reverse primer (10 μM, 0.5 μL), DNA template (1 μg/μL, 1 μL), and H 2 O (added to 30 μL). The PCR amplification reaction was performed as follows: hot start of 94°C for 3 min, 40 cycles of 94°C for 1 min, 58.4°C for 50 s, 72°C for 30 s, and an extension step of 72°C for 3 min. The PCR products were separated by agarose gel electrophoresis, purified using an extraction kit (catalog number D6922-01, OMEGA, Stamford, CT) and ligated into pMD19-T (catalog number 6013, Takara, Dalian, China.) according to the manufacturers' instructions. The reaction volume was 10 μL, containing 1 μL DNA (1 μg/μL), 1 μL pMD19-T vector, 5 μL solution I, and 3 μL H2O, incubated at 16°C for 30 min. Ligation products were transformed into Top10 Escherichia coli cells and cultured in Lysogeny broth (LB) medium with 100 µg/mL AMP. The plates were inverted and cultured at 37°C for 14 h, and 10 positive clones were identified with the same PCR method as above. Aliquots (200 μL) were sequenced by Shanghai Invitrogen Life Technologies Biotechnology (Shanghai, China).
Statistical Analyses
The number of methylation sites was analyzed using BiQ Analyzer software (http://biq-analyzer.bioinf. mpi-inf.mpg.de/; Bock et al., 2005) , and the methylation level of individuals was calculated as the number of methylated sites per the total number. Comparisons between 2 groups were performed using Student's t test. Pearson correlation coefficients were used to assess the relationship between methylation and mRNA levels. Differences were considered highly significant, significant, and suggested to be significant at P ≤ 0.01, P ≤ 0.05, and P ≤ 0.2, respectively. JMP (SAS Inst. Inc., Cary, NC) software was used to perform 2 × 2 factor analysis with the following models: have the same meaning: µ is the population mean, B i is the fixed effect of breed, F j is the fixed effect of feed conditions, eijk is the random error, and B i × F j is the interaction of the breed and feed conditions.
RESULTS
Gene Expression Analysis
To investigate how feeding conditions and breed affect chicken meat quality, DNH and QJM chickens under scatter-feed and captivity-feed conditions were studied. Total RNA purified from breast muscle tissues of DNH and QJM chickens raised under the 2 feed conditions were used to analyze differentially expressed genes. Four libraries were constructed (SFDNH, SFQJM, CFDNH, and CFQJM) and pairedend sequenced on the Illumina Hiseq 2000 platform (2 × 100 bp). A total of 44,485,306 raw reads with 8,897,061,200 bp of raw data were obtained from the 4 libraries. After trimming and quality checking, 39,455,837 clean reads were recorded with 7,682,729,669 bp of clean data from the 4 groups. The uniquely mapped percentages were 96.26%, 96.63%, 97.27%, and 96.26% for SFDNH, SFQJM, CFDNH, and CFQJM, respectively. The amount of raw data, number of raw reads, the clean data filtered using Q20 and Q30, and the number of reads that mapped against the genome are detailed in Table 3 . A total of 15,508 genes were expressed in the 4 groups. The data indicated that expression depicted by the sequenced transcripts was reliable. Therefore, the results from the RNA-seq provide a reliable basis for further research.
Differential Gene Expression Analysis
The differentially expressed genes for SFDNH vs. SFQJM (290), CFDNH vs. CFQJM (328), SFDNH vs. CFDNH (321), and SFQJM vs. CFQJM (387) are detailed in Supplementary Tables S1, S2, S3, and S4, respectively. We hypothesized that the common DEG, GO terms, and KEGG pathways between SFDNH vs. SFQJM and CFDNH vs. CFQJM would be associated with breeds and that the common DEG, GO terms, and KEGG pathways between SFDNH vs. CFDNH and SFQJM vs. CFQJM may be affected by the feeding conditions. A total of 47 common DEG were found between SFDNH vs. SFQJM and CFDNH vs. CFQJM ( Fig. 1A; Supplementary Table S5 ), which suggests that breed affects the expression levels of different genes. A total of 113 common DEG were detected between SFDNH vs. CFDNH and SFQJM vs. CFQJM ( Fig. 1B; Supplementary Table S6 ), which may be affected by the feeding conditions. Interestingly, the UCP3 gene was detected in the Venn diagram in Fig.  1A and not in Fig. 1B , which suggests that the UCP3 mRNA levels were affected by feeding conditions, not breed, and that qRT-PCR did not detect a difference in UCP3 expression levels between breeds (Fig. 2) .
Differentially Expressed Genes Confirmed by qRT-PCR
To validate the DEG, 7 genes that were commonly differentially expressed in the pairwise comparisons among members of the 4 groups were assayed using qRT-PCR (Fig. 2) . Of the 7 candidate genes, ankyrin repeat domain-containing protein 1 (ANKRD1), cysteine and glycine-rich protein 3 (CSRP3); uncoupling protein 3 (UCP3), and Fatty acid transport protein1 (FATP1) consistently corroborated the results of the RNA sequencing and showed significantly different expression levels. asparagine synthetase (ASNS), deafness, autosomal recessive 59 (DFNB59), interferon-induced GTP-binding protein MX (MX) showed similar trends in any pairwise comparison among the RNA-seq results from the 4 groups. 
GO Categorization
The DEG in the 4 groups were classified into different functional GO categories. In total, 92, 92, 95, and 97 GO terms were mapped for SFDNH vs. SFQJM, CFDNH vs. CFQJM, SFDNH vs. CFDNH, and SFQJM vs. CFQJM, respectively. The most significant GO categories of DEG with cutoff set to P < 0.05 are shown in Fig. 3 . The common GO terms between SFDNH vs. CFDNH and SFQJM vs. CFQJM were cytoskeletal protein binding, extracellular region, response to stress, protein folding, oxidoreductase activity, unfolded protein binding, and immune system process, which suggest that feed conditions affected these GO terms. The GO terms of immune system process, cytoskeletal protein binding, anatomical structure development, anatomical structure formation involved in morphogenesis, and cell junction organization were significantly different in the SFDNH vs. SFQJM and CFDNH vs. CFQJM groups, which may reflect the fact that these GO terms are affected by gender.
KEGG Analysis
To categorize DEG biochemical pathways, we performed a BLASTX (a metagenomic protein database search tool) search against the KEGG protein database. In total, the DEG for SFDNH vs. SFQJM, CFDNH vs. CFQJM, SFDNH vs. CFDNH, and SFQJM vs. CFQJM mapped to 31, 30, 31, and 38 KEGG pathways with the cutoff set to P < 0.05, respectively, and are shown in Fig. 4 . The DEG associated with feeding conditions (P < 0.05) in the SFDNH vs. CFDNH group were energy metabolism and circulatory system. Three biochemical pathways, glycan biosynthesis and metabolism, energy metabolism, and cardiovascular diseases, were significantly associated (P < 0.05) with the SFQJM vs. CFQJM group. The common biochemical pathway of the 2 groups was energy metabolism, which may be associated with the greater levels of energy required by chickens under scatter-feed conditions. The numbers of DEG associated with breed (P < 0.05) for the SFDNH vs. SFQJM and CFDNH vs. CFQJM groups were 7 and 12, respectively. There were 3 biochemical pathways common to the 4 groups, immune system cancers, immune diseases, cardiovascular diseases, and infectious diseases, which may reflect the fact that these KEGG pathways were different between the 2 breeds.
Methylation of UCP3 DNA Sequences
In this study, the bp +1,700 to +2,459 region of the UCP3 gene, containing exon 3 (+1,762 to +1,863), exon 4 (+1,940 to +2,120), exon 5 (+2,212 to +2,316), 46 methylation sites, and CpG islands 1 (+1,737 to +1,852), 2 (+1,915 to +2,066), and 3 (+2,127 to +2,262), was investigated ( Fig. 3 and Table 4 ). As shown in Fig. 5 , the mean methylation level of the UCP3 gene under scatter-feed conditions was significant lower significantly lower at a level of P = 0.007 than under the captivity-feed conditions for both DNH and QJM chickens (SFDNH to CFDNH, 0.77 to 0.88, P = 0.001; SFQJM to CFQJM, 0.88 to 0.92, P = 0.106; Tables 5 and 6), which suggests that feed conditions affected the mean methylation of the UCP3 gene. Additionally, the mean methylation level of UCP3 in DNH chickens was lower at a level of P = 0.006 than that in QJM chickens under scatter-feed conditions (SFDNH to SFQJM, 0.77% to 0.88%, P = 0.001; CFDNH to CFQJM, 0.88% to 0.92%, P = 0.128; Tables 5 and 6), which suggests that breed affects the mean methylation level of UCP3.
Feed conditions and breed may influence the methylation and expression level of UCP3 in chicken breast muscle. To evaluate the degree of influence, a 2 × 2 factor analysis model was employed. The re- Validation of differentially expressed genes in breast muscle from Daninghe (DNH) and Qingjiaoma chickens (QJM) by quantitative realtime PCR. *Significantly different at P ≤ 0.05. **Highly significant difference at P ≤ 0.01. †Significant difference suggested at P ≤ 0.2. #*P < 0.05 between the 2 treatment groups. #**P < 0.01 between the 2 treatment groups. ANKRD1, ankyrin repeat domain-containing protein 1; ASNS, asparagine synthetase; CSRP3, cysteine and glycine-rich protein 3; DFNB59, deafness, autosomal recessive 59; FATP1, Fatty acid transport protein1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MX,interferon-induced GTP-binding protein MX; UCP3, uncoupling protein 3. sults showed that the DNA methylation level was significantly associated with the feed conditions (P = 0.0038) and breed (P = 0.0036; Table 6) and that the expression level of UCP3 was significantly associated with feed conditions (P = 0.0279) but suggested no significant association with the breed (P = 0.1728).
In contrast, the percentage of methylation of the 10 and 5 methylation sites in the UCP3 coding sequence regions in chicken breast muscle was significantly different or suggested a significant difference in SFDNH vs. CFDNH and SFQJM vs. CFQJM, respectively, which suggests that the feeding conditions made the difference. In particular, the methylation sites at +1,846, +2,004, and +2,135 bp have similar trends, suggesting that the 3 islands may be sensitive sites affected by feeding conditions.
The methylation percentage at the CpG islands in the UCP3 coding sequence region in chicken breast muscle suggests significant differences or shows significant differences between SFDNH vs. SFQJM and CFDNH vs. CFQJM, respectively, which suggests that breed made the difference. Methylation sites at +1,846, +1,978, and +2,195 bp share a similar trend.
DISCUSSION
We found that 113 DEG, 7 GO terms, and 1 KEGG pathway may be affected by feeding conditions and that 46 DEG, 9 GO terms, and 3 KEGG pathways may be associated with breed. Interestingly, we found 2 important candidate genes for IMF: FATP1 and UCP3, which are differentially expressed in different feeding conditions but not in different breeds.
Intramuscular fat is an important component of meat quality traits in chicken, associated with juiciness, tenderness, and taste (Hausman et al., 2009) ; FATP1 is an important transporter protein involved in fat deposition and fatty acid transmembrane transport, is an important candidate gene of IMF (Zhang et al., 2014) , and is associated with chicken carcass traits (Wang et al., 2010) . In this study, we found FATP1 was up-regulated in scatter-feed conditions in both the SFDNH vs. CFDNH and SFQJM vs. CFQJM groups but was not differently expressed in SFDNH vs. SFQJM and CFDNH vs. CFQJM, which indicates that the mRNA level of FATP1 was affected by feed conditions but not breed.
Another interesting gene was UCP3, which is an important candidate gene for the control of IMF content (Han et al., 2012) . Using qRT-PCR we found and validated that UCP3 and some of the other differentially expressed genes had significantly different expression levels between the 2 feeding conditions, which is consistent with our previous study (Zhang et al., 2014) . This suggests that UCP3 could be affected by feeding conditions. We also found that the methylation levels of the UCP3 gene were significantly different between different feeding conditions and that the methylation status of sites at +1,846, +1,978, +2,004, +2,135, and +2,195 bp was different under the different feeding conditions. This suggests that the different methylation levels at these sites are induced by different feeding conditions or breed. There are 2 reasons why we selected the exons (bp +1,700 to +2,459) but not the regulatory region for investigation of DNA methylation. In this study, we found an interesting phenomenon: there are CpG islands in exons 3, 4, and 5 (Fig. 6) , which may play an important role in regulating the expression level of the mRNA. In general, DNA methylation in the promoter can be negatively associated with gene expression, whereas the methylation status in the body of the same gene can show a positive correlation. In recent years, the methylation of the gene body (so-called intragenic) has attracted attention (Kulis et al., 2013) , and the gene body of UCP3 includes exons 3 to 5. In conclusion, the exons (bp +1,700 to +2,459) but not the regulatory region are worthy of further investigation. The Pearson correlation coefficient for methylation and mRNA levels was 0.62, 0.47, 0.51, and 0.63 for SFDNH, CFDNH, SFQJM, and CFQJM, respectively, which suggests that the methylation status of the bp +1,700 to +2,459 region positively affects the expression of UCP3. The chickens under the scatter-feed conditions were free to forage and select their feed and had access to an outside exercise area. The UCP3 gene is affected by many factors, such as nutritional state (Evock-Clover et al., 2002), temperature (Taouis et al., 2002; Toyomizu et al., 2002) , genotype (Collin et al., 2009) , and exercise (Diehl and Hoek, 1999) . On the basis of our previous study, we hypothesized that feed conditions and Figure 6 . The mean level of methylation of the uncoupling protein 3 (UCP3) gene in breast muscle of Daninghe (DNH) and Qingjiaoma (QJM) chickens. *Significantly different at P ≤ 0.05. **Highly significant difference at P ≤ 0.01. †Significant difference suggested at P ≤ 0.2. #**P < 0.01 between the 2 treatment groups. breed up-regulated the level of UCP3 mRNA, which was significantly differentially expressed in the breast muscle of both DNH and QJM chickens.
DNA methylation plays a key role in regulating chromatin complexes and maintaining the integrity of the genome and was significantly associated with muscle fiber density and drip loss in 3-yellow chicken breeds (Zhang et al., 2014) . Additionally, the DNA methylation level can be affected by age (Bollati et al., 2009) , sex (Jang et al., 2013) , and nutrition (Xing et al., 2011; Anderson et al., 2012) . In this study, 5-mo-old male chickens under 2 feed conditions were used as experimental animals. They were given the same diet and had free access to food and water for 5 mo. We found that the methylation level of the UCP3 gene was significantly different between the 2 feed conditions in DNH and QJM chickens and that feed conditions and breed were significantly associated with the methylation level of the UCP3 gene. Our results indicate that feed conditions and breed affect the methylation level of the UCP3 gene. During the 5 mo of chicken growth, a combination of factors, including nutrition, exercise, and breed, may have affected the methylation level of the UCP3 gene in the 2 groups. 2 The P-value of feeding conditions or breed affected to the level of methylation using the 2 × 2 factor analysis mode.
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